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Abstract: A global burden of Alzheimer’s disease (AD) has been growing over last decades. 

Evidence indicates that β-amyloid (Aβ) production and senile plaque deposition in the brain is 

causative in the onset of AD pathogenesis. It appears much earlier than cognitive decline and plays a 

key role in initiating and developing AD neuropathology. As such, there is an intense passion with 

discovering theranostic agents which make a significant impact in diagnostic and therapy. Herein, we 

report an investigation of novel phenothiazine-based compounds as promising potential theranostic 

agents for AD. Remarkably, they have exhibited a high binding affinity toward Aβ aggregates, a good 

biostability and a strong increase in their fluorescence intensity with blue shift when interacting with 

Aβ aggregates. Furthermore, they have been simultaneously applied to perform NIR in vivo imaging 

of β-amyloid plaques in double transgenic AD mouse model, to prevent self-aggregation of Aβ 

monomer from forming toxic oligmers and to reduce Aβ-induced toxicity of human neuroblastoma 

cells (SH-SY5Y). 

Keywords: Theranostic agents, Near-infrared fluorescence imaging, Inhibitors, Alzheimer’s 

disease 

1. Introduction

Alzheimer’s disease (AD) is chronic neurodegenerative disorders, which are principally 

characterized by synaptic dysfunction, neuronal atrophy, progressive memory impairment and 
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cognitive decline. There is an accelerating worldwide effort under way to find disease-

modifying therapies to postpone its onset and prevent it from progression. Nevertheless, none 

of the clinically tested drugs have shown significant effectiveness up to now.
1-3

 The unsuccess 

of many drug candidates into clinical application might be attributed to their treatment at an 

advanced stage, which has already resulted in severe irreversible injury in the brain. 

Therefore, it is very desirable to find safe and effective therapeutics as well as imaging probes 

for early diagnosis and assisting drug development. 

The amyloid hypothesis, which suggests that β-amyloid (Aβ) production and senile 

plaque deposition in the brain is causative in the onset of AD pathogenesis, is widely accepted 

and has gained adequate attention for AD drug development.
4-5

 A selectively builds up in the 

mitochondria in the cells of Alzheimer's-affected brains,
6
 which can further transform into 

non-toxic aggregated species through several forms of flexible soluble oligomers or 

protofibrils.
7-8 

Recent studies suggest that oligomeric soluble Aβ is mainly responsible for AD 

pathogenesis, and its levels are more important in the progression of the disease.
9 

Indeed, the 

soluble A oligomers can induce tau to misfold and result in pathological 

hyperphosphorylation of tau, leading to microtubule disruption and degenerative neuritis.
10 

They can directly induce neuronal hyperploidy followed by synaptic failure and bring about 

the neuronal death in the cerebral cortex, which are responsible for AD initiation and 

progression.
11-13

 They can also generate oxidative stress, neuroinflammation and 

abnormalities in calcium (Ca2+) homeostasis.
14-16

 Furthermore, amyloid senile plaques appear 

much earlier than cognitive dysfunction and play a key role in the onset of AD 

neuropathologic events,
17-18

 suggesting that these abnormal protein deposits inside brain 

represent a good predictive biomarker for diagnosis and also an important therapeutic target 

of AD.
19-21

 

Recent advances in optical imaging technologies, which make a significant impact in 

diagnostic and interventional imaging over the next decade,
22

 have driven the development of 

fluorescent probes into a rapidly expanding era. Moreover, modern and efficient optical 

imaging systems such as fluorescence molecular tomography (FMT) imaging and the hydrid 

technique known as FMT-CT imaging have enabled the visualization and quantification of 

disease progression using near-infrared (NIR) fluorophores, which provide sufficient light 

propagation into deeper tissue and avoid auto-fluorescence from biological matter.
23

 Although 

many NIR fluorophores have been designed and used for AD imaging in vivo,
24-27

 it is not 

easy for NIR probes to meet the diverse and rigorous imaging conditions for oligomeric and 
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fibrillar species of -amyloid, such as good blood–brain barrier permeability, high binding 

affinity, high selectivity and low neurotoxicity. Moreover, very few of NIR probes used as 

theranostic agents have been reported.  

Theranostics is emerging as a promising therapeutic paradigm that integrates both of 

therapeutics and diagnostics, in order to monitor the response to treatment and improve safety 

and efficacy of drug. Several distinct advantages are attractive for theranostic agents due to 

their intrinsic ability to provide imaging with significant biodistribution and pharmacokinetic 

information about the exact target compound before, during, and after therapy. We have 

previously shown that phenothiazine-based compounds could be used as dual inhibitors and 

probes of -amyloid fibrillogenesis.
30

 One of these compounds, 4a1 could effectively inhibit 

the formation of amyloid fibrils by Aβ and disaggregate its preformed amyloid fibrils. We 

speculated that the turn-on and blue-shift fluorescence emission of this type of probes might 

be obtained probably due to their intercalation into the hydrophobic clefs oriented parallel to 

the main fibril axis formed by the nonpolar residues Val18 and Phe20 on the surface of Aβ 

fiber. Indeed, based on the results of the docking simulations, the phenothiazine ring scaffold 

of compound 4a1 was preferentially buried into the hydrophobic binding pocket (Figures S8 

and S9), which could produce strong π−π stacking and hydrophobic–hydrophobic interactions 

with Aβ protein. This was also confirmed by a striking improvement in the binding energies 

to A fibrils. However, the poor solubility of these compounds have impeded their application 

in NIR imaging in vivo. Herein, we attempt to investigate whether structural alterations at its 

periphery by the water solubilizing groups (Scheme 1) can affect the binding and fluorescent 

properties, as well as A-inhibiting and neuroprotective ability of these probes. 

 

 

 

 

 

 

 

Figure 1: Chemical structure of Phenothiazine-based theranostic compounds 4 and 5 

 

2. Experimental  

 2.1 Materials and measurements 
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All commercially available chemicals and solvents were used as received. 
1
H NMR 

and 
13

C NMR spectra were obtained respectively, on 400 MHz spectrometer in CDCl3 or 

DMSO-d6, and the chemical shift (δ) was quoted in δ values (ppm) relative to TMS as 

internal standard. MS (ESI) was measured by using a QTRAP instrument with ion source. 

Elemental analysis was performed for the purity of the final products (> 95%). Fluorescence 

was evaluated by a spectrofluorophotometer (RF-5301PC, Shimadzu, Japan).  

Aβ1-42 was provided by GL Biochem. Transgenic mice (APPswe/PSEN1dE9, 12 

months old, male) and male C57BL/6 counterparts, used for in vivo imaging were purchased 

from GDMLAC (certification number: 44007200000555). All animal test procedures were 

approved by Sun Yat-sen university animal ethical experimentation Committee.  

2.2. Process of probe synthesis 

2.2.1. General Method for the Synthesis of compounds 3 

To a solution of the corresponding alcohol (2.0 mmol, 1 equiv), (4-oxo-2-thioxo-

thiazolidin-3-yl)-acetic acid (2.0 mmol, 1 equiv) in 5 mL DCM and DMAP (0.01 mmol, 0.005 

equiv) was added at 0°C. Finally, DCC (2.0 mmol, 1 equiv) in 5 mL DCM was added 

dropwise and the reaction mixture was stirred at at 0°C for 6 hours. The reaction was diluted 

with 10 mL of DCM and the formed solid was filtered off. The filtrate was dried over 

anhydrous Na2SO4 and the solvents were removed under reduced pressure. The residue was 

purified by flash chromatography (n-Hexane : EtOAc = 5:1) to give the product. 

 (4-Oxo-2-thioxo-thiazolidin-3-yl)-acetic acid 2-(2-methoxy-ethoxy)-ethyl ester (3a). 440 

mg (75%). Yellow oil. 
1
H NMR (400 MHz, CDCl3) δ 4.76 (s, 2H), 4.35 – 4.31 (m, 2H), 4.08 

(s, 2H), 3.71 – 3.69 (m, 2H), 3.63 (dd, J = 5.6, 3.6 Hz, 2H), 3.55 (dd, J = 5.6, 3.6 Hz, 2H), 

3.39 (s, 3H). MS (ESI) m/z: 294.1 [M + H]
+
.   

(4-Oxo-2-thioxo-thiazolidin-3-yl)-acetic acid 2-[2-(2-methoxy-ethoxy)-ethoxy]-ethyl 

ester (3b). 539 mg (80%). Yellow oil. 
1
H NMR (400 MHz, CDCl3) δ 4.75 (s, 2H), 4.33 – 4.29 

(m, 2H), 4.08 (s, 2H), 3.71 – 3.67 (m, 2H), 3.66 – 3.62 (m, 6H), 3.55 (dd, J = 5.6, 3.6 Hz, 

2H), 3.37 (s, 3H). MS (ESI) m/z: 338.1 [M + H]
+
.  

2.2.2. General Method for the Synthesis of compounds 4 and 5.  

To a round bottom flask containing a solution of 10-methyl-10H-phenothiazine-3-

carbaldehyde 2 (0.40 mmol, 1 eq) and corresponding rhodanines 3 (0.44 mmol, 1.1 eq) in 5 

mL of THF was added piperidine (0.04 mmol, 0.1 eq) and the mixture was heated at 50 °C for 
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3 hours. The crude mixture was concentrated under reduced pressure and purified by flash 

chromatography to give the product. 

[5-(10-Methyl-10H-phenothiazin-3-ylmethylene)-4-oxo-2-thioxo-thiazolidin-3-yl]-acetic 

acid 2-(2-methoxy-ethoxy)-ethyl ester (4). 169 mg (82%). Red oil. 
1
H NMR (400 MHz, 

CDCl3) δ 7.62 (s, 1H), 7.30 (dd, J = 8.4, 2.0 Hz, 1H), 7.23 – 7.17 (m, 2H), 7.13 (dd, J = 7.6, 

1.2 Hz, 1H), 6.98 (td, J = 7.6, 1.2 Hz, 1H), 6.84 (d, J = 8.4 Hz, 2H), 4.89 (s, 2H), 4.36 – 4.33 

(m, 2H), 3.73 – 3.70 (m, 2H), 3.65 – 3.63 (m, 2H), 3.56 – 3.53 (m, 2H), 3.41 (s, 3H), 3.38 (s, 

3H). 
13

C NMR (100 MHz, CDCl3) δ 192.6, 167.0, 166.0, 148.1, 144.1, 133.1, 131.1, 128.9, 

127.8, 127.4, 127.3, 124.5, 123.5, 122.2, 119.6, 114.7, 114.3, 71.9, 70.6, 68.9, 65.0, 59.1, 

44.8, 35.6. MS (ESI) m/z: 517.1 [M + H]
+
.  Anal. Calcd for C24H24N2O5S3: C, 55.80; H, 4.68; 

N, 5.42. Found: C, 55.69; H, 4.71; N, 5.45. 

[5-(10-Methyl-10H-phenothiazin-3-ylmethylene)-4-oxo-2-thioxo-thiazolidin-3-yl]-acetic 

acid 2-[2-(2-methoxy-ethoxy)-ethoxy]-ethyl ester (5). 188 mg (84%). Red oil. 
1
H NMR (400 

MHz, CDCl3) δ 7.62 (s, 1H), 7.30 (dd, J = 8.4, 2.0 Hz, 1H), 7.22 – 7.17 (m, 2H), 7.13 (dd, J = 

7.6, 1.2 Hz, 1H), 7.00 – 6.96 (m, 1H), 6.84 (d, J = 8.4 Hz, 2H), 4.89 (s, 2H), 4.36 – 4.33 (m, 

2H), 3.73 – 3.70 (m, 2H), 3.64 (dd, J = 5.6, 3.6 Hz, 2H), 3.55 (dd, J = 5.6, 3.6 Hz, 2H), 3.41 

(s, 3H), 3.38 (s, 3H). 
13

C NMR (100 MHz, CDCl3) δ 192.6, 167.0, 166.0, 148.1, 144.1, 133.1, 

131.1, 128.9, 127.8, 127.4, 127.3, 124.5, 123.5, 122.3, 119.7, 114.7, 114.3, 71.9, 70.7, 70.6, 

70.5, 68.8, 65.0, 59.0, 44.8, 35.7. MS (ESI) m/z: 561.2 [M + H]
+
. Anal. Calcd for 

C26H28N2O6S3: C, 55.70; H, 5.03; N, 5.00. Found: C, 55.67; H, 5.05; N, 5.02.  

2.3. Fluorescence spectral evaluation of probes with Aβ1-42 aggregates and BSA  

 To the solution of probes (0.4 μM) in 10 μL of PBS (pH = 7.4) was added a solution of 

10 L of aggregated Aβ1-42 (20 µM) or BSA (180 μg/mL), and incubated for 30 min at RT. 

Fluorescence excitation/emission wavelength and intensity were measured. 

2.4. In vitro binding assays 

 To obtain the dissociation constants, a solution of Aβ1-42 aggregates (0.5 µM in the 

final assay concentrations) was mixed with various concentrations of probes in PBS (10
-5

 to 

10
-10

 M in the final assay concentrations) and incubated at RT with constant shaking for 30 

min. The intensity of the fluorescent signal was determined and Kd values were calculated by 

fitting the data to the single-site ligand binding module in Grafpad Prism. 

2.5. The stability of probes in mice plasma 
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 Blood was drawn from normal SD rat (7 weeks, male), and the plasma was separated 

by centrifugation at 4000 rpm for 10 min and stored at −80 °C. The following procedures 

were used. To 315 μL of rat plasma or PBS (as a standard sample) was added 35 μL of probe 

4 or 5 in ethanol (50 μM), and the mixture was incubated at 37 °C for 30 or 60 min. Then, 

after 30 or 60 min, the mixture was treated with 350 μL of CH3CN and separated by 

centrifugation at 40000 rpm for 5 min. The supernatant were treated by the same method once 

again. Finally, the supernatant were analyzed by HPLC, and the spectra were recorded using a 

C18 column (4.6 mm × 250 mm) and CH3CN/H2O (85:15%) with a flow rate of 1 mL/ min at 

30 ℃. 

2.6. Ex vivo fluorescence staining of brain sections  

 Frozen section of brain tissue from double transgenic mice (C57BL/6, APP/PS1, 12 

months old, male) and age-matched wild mice (C57BL/6, 12 months old, male) were 

sacrificed after iv injection with 4 (4 mg/kg, 20% DMSO, 80% propylene glycol, 50 μl), and 

the brain was excised, embedded in optimum cutting temperature compound, and frozen in 

dry ice immediately. Fluorescence imaging was carried out by using a fluorescence 

microscope (Olympus BX63) equipped with GFP and Cy5 filter sets. Next, the same section 

was costained with ThT to confirm the distribution of Aβ plaques 

2.7. In vivo near-infrared imaging 

 Double transgenic mice (C57BL/6, APP/PS1, 12 months old, male) and age-matched 

wild mice (C57BL/6, 12 months old, male) were shaved before imaging. The mice were 

injected intravenously with probe 4 (4 mg/kg, 20% DMSO, 80% propylene glycol, 50μl). 

Fluorescence imaging were performed at different time points with mice kept under 

anesthesia with 2.5% isoflurane gas in an oxygen flow. In addition, a filter set (ex. at 500 and 

em. at 680 nm) was used for the measurement. The optical images were acquired using an 

exposure time of 1s. Imaging data were analyzed by Living Image software, the region of 

interest (ROI) was drawn around the brain regions. The relative fluorescence data 

[F(t)/F(pre)] were analyzed by normalizing the fluorescence intensity to the fluorescence 

background of each mouse, where F(t) is the fluorescence intensity in the ROI and F(pre) is 

the fluorescence background signal in the same region. 

2.8. Cytotoxicity analysis 
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 SH-SY5Y cells were cultured with F12 (Gibco) and  EMEM (ATCC, USA) mixture at 

a mixing rate of 1:1 contains 10% fetal bovine serum (FBS, Gibco, USA) and 1% Penicillin-

Streptomycin solution (Gibco, USA). SH-SY5Y cells were plated onto 96-well plates at a 

density of 5 x 10
4
 cells/mL in cell culture medium and 100 L suspension per well was added. 

The cells in each well were treated with various concentrations of probes, respectively, and 

incubated at 37 ℃ and 5% CO2 for 24 h.  

 For the effect of probes on Aβ1-42-induced cell toxicity, SH-SY5Y cells were plated 

onto 96-well plates at a density of 5 x 10
4
 cells/mL in cell culture medium and seed 100 µL 

per well. Probes 4 and 5 of final concentration 0.1 µM or 0.5 µM was applied together with 

monomeric Aβ(1-42) of concentration 5 µM, and incubated at 37 ℃ for 24 h. 

 Next, 10 µL of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) 

solution (0.5 mg/mL, Sigma, USA) was added and further incubated for 4 h at 37 ℃. The 

MTT solution was removed and then 150 µL of DMSO was added to each well to dissolve the 

formazan crystals. The absorbance of each well was determined at 570 nm, using a microplate 

reader.  

2.9. Fluorescence staining of inhibition of self-aggregation in SH-SY5Y cells.  

 2000 cells per well were seeded in 96 wells plate for 24 h. Aβ1-42 monomer (50 µL, 0.5 

µM) was mixed with or without probe 4 (50 µL, 0.2 µM or 1 µM), then added into 96 well 

plate and incubated with cells at 37°C and 5% CO2 for 48h. All the culture medium was 

replaced with a fresh medium contains 0.5 µM compound and the cells were cultured for 30 

min in incubator. The fluorescence intensity was recorded by fluorescence microscope 

(Olympus IX71 inverted fluorescence microscope) and calculated by measuring the average 

of pixel intensity per field through the program Image J. Digital images of four random fields 

were treated at 10x magnification. 

2.10. ADMET and molecular docking studies  

 Computer aided ADME studies have been done by using CHARMM force field 

(Discovery Studio 2.5 software, Accerlrys, Inc., San Diego, Calif.). Docking procedures were 

carried out using Autodock 4.2 software on Aβ fibril structures from RCSB protein Data 

Bank (PDB ID: 2LMO) according to the Lamarckian genetic algorithm method. Probes were 

constructed with Sketch and optimized with minimize modular at the Tripos force field
31

 and 
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Gasteiger-Marsili charges theory
32-33

 in Sybyl 6.0 software. The segment of 16-KLVFFA-21 

of the Aβ fibrils was used as the potential binding site for the probes.
34

 A grid of 42, 104 and 

84 in x, y and z directions centered on this site was built with a grid spacing of 0.458 Å. The 

most reliable pose of the ligand was generated from 1200 docking poses. The best poses were 

analyzed for hydrogen bonding or hydrophobic interaction of the ligands with the Aβ fibrils 

using AutoDock Tools 1.5.6 and the figures were generated using PyMol 1.8.x software. 

3. Results and discussion  

 3.1. Synthesis of the probes  

 As shown in Scheme 1, the compound 1 was synthesized by alkylating phenothiazine 

with methyl iodide in DMF in the presence of NaH and followed by Vilsmeier–Haack 

reaction in the presence of POCl3 in DMF, to introduce an aldehyde group at the C-3 position 

of the phenothiazine ring. Then, the aldehyde group was treated by a Knoevenagel 

condensation with the appropriate rhodanines 3, prepared from (4-oxo-2-thioxo-thiazolidin-3-

yl)-acetic acid and described in Schemes S1 (Supporting Information). 

 

Scheme 1. Conditions and reagents: a) CH3I, NaH, DMF; b) POCl3, DMF; c) 3, piperidine, THF. 

 

3.2. Fluorescent properties of the probes  

 We first evaluated spectroscopic properties of the probes. As shown in Table 1, probes 

4 and 5 exhibited emission wavelength of 667-670 nm in PBS, which fell in the range for NIR 

probes, accompanied with large Stokes shifts, around 128 nm and 187 nm respectively. 

Moreover, they showed high sensitivity to the solvent polarity (Fig. S1). This is consistent 

with that observed in the previous study,
30

 suggesting that the structural alteration by the 

water solubilizing group did not affect the binding and fluorescent properties of the probes. 

The plots of relative fluorescence intensity versus concentration of probes 4 and 5 was then 

performed to show a linear correlation in the range of 0-10 M with a coefficient of 0.9975 

and 0.9953 respectively (Figure S2). 
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Table 1. Fluorescent Properties, Binding Data and Calculated log P (clog P) Values of probes 4 and 5 

Probe abs
a
(nm) em1

b
(nm) em2

b
(nm) Φ (%)

c
 fold

d
 Kd (nM)

e
 log P

 f
 clog P

 f
 

4 482 670 610 6.1/0.4 69.3 28.2±2 3.03 4.61 

5 480 667 605 8.0/0.8 28.3 59.8±6 2.88 4.97 

aAbsorbance (λabs) measured in PBS. bDetermined in PBS (λem1) and upon binding with Aβ aggregates (λem2). 
cMeasured 

in A/PBS, respectively. dFold increase in fluorescence intensity upon binding with Aβ aggregates. eKd value was 

measured in triplicate with results given as the mean ± SD. fThe values were calculated using chemdraw program. 

 

Next, the photostability of these probes (10 mM in DMSO) were also evaluated under 

UV (254 nm), light and sunlight respectively. The results exhibited that these dyes were stable 

to continuous irradiation for 12 hours (Figure S3). Probes 4 and 5 have a molecular weight 

less than 600 Da and their calculated logP values are 3.03 and 2.88 respectively. LogP values 

of these probes are lower than that of compound 4a (logP = 3.68), suggesting that they have 

better biocompatibility and penetration of the intact BBB as well as lower nonspecific binding 

and a more rapid washout rate from the brain. 

3.3. In vitro Evaluations  

 Then, we examined the fluorescent properties of these free probes upon binding 

toward Aβ1−42 aggregates in PBS (pH = 7.4) and in the presence of bovine serum albumin 

(BSA). As shown in Figure 2, fluorescence intensity and emission wavelength were changed 

significantly. Indeed, a remarkable enhancement of fluorescence intensity of compounds 4 

and 5 (about 69.3-fold for 4 and 28.3-fold for 5) and the turn-on and blue-shift fluorescence 

emission (about 60 nm) were observed after incubation with A1-42 aggregates in PBS, 

suggesting that these probes might be intercalated into the hydrophobic pocket of A 

aggregates, leading to a restrained rotational relaxation.
25

 This is further confirmed by the 

significant enhancement of the fluorescent quantum yield after binding to A aggregates 

(table 1). On the contrary, a very week interaction was observed with the combination of 

probes and BSA in PBS (Figure S4).  
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Figure 2. The fluorescence spectroscopic titration of probes 4 (A) or 5 (B) at 0.2  by stepwise 

addition of A1-42 aggregates (from 0 M to 10.0 M) in PBS (pH = 7.4);  

 

Next, the binding affinity of these probes for A aggregates was determined through a 

saturation binding assay according to conventional methods. As shown in table 1, probes 4 

and 5 showed high affinity to A aggregates with the binding constant values of 28.2± 2 

nM and 59.8±6 nM, respectively.  

  

3.4. ADMET studies, biostability and effect of probes on cell viability in SH-SY5Y cells 

 ADMET studies were conducted to predict the hepatotoxicity, absorption and ability 

of BBB penetration. As anticipated, ADMET aqueous solubility levels of these new probes 

were 2 and 3, which are more soluble than compound 4a
30

 (Table S1). Cytochrome P450 

(CYP2D6) inhibition of these probes were classified as 0 and compound 4a as 1, indicating 

they are non-inhibitor of CYP2D6 and less toxic than the compound compound 4a. This 

suggested that potential adverse effects resulting from drug interaction upon administration of 

these probes are unlikely. Moreover, probes 4, 5 and compound 4a were classed as 0 and 1 for 

human intestinal absorption (HIA) and blood brain barrier (BBB) shown in Table S1 and have 

fallen inside 99% human intestinal absorption confidence ellipsoid as well as the 99% BBB 

confidence ellipsoid (Figure S6), predicting that they are expected to posses high BBB 

penetration and good human intestinal absorption. 

The plasma stability of probes and the cytotoxicity of these probes on human neuron 

cells are crucial requirements in vivo efficacy. We first examined the stability of our probes in 

mice plasma before in vivo imaging. As shown in Figure S7, nearly 99% of these probes 

remained after 30/60 min incubation at 37 °C, indicating that they are stable in mice plasma. 

Then, we assessed by using a MTT assay the viability of human neuroblastoma cells (SH-
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SY5Y) with or without exposure to light in the culture medium. As shown in Figure 3, there 

was no significant cytotoxicity observed at a concentration of 50 M. 

  

 

Figure 3. Cell viability after incubation of 4 (A) or 5 (B) at different concentrations (1, 10 and 50 M) 

with a human neuronal cell line (SH-SY5Y) by MTT assay, at 37°C for 24 h with or without exposure 

to light. 

   

3.5. In vivo imaging and ex vivo fluorescence staining  

 To validate the potential of probe 4 for specific amyloid plaque imaging in vivo, in 

the brain double transgenic mice (C57BL/6, APP/PS1, 12 months old, male) and age-matched 

wild mice (C57BL/6, 12 months old, male) were used. Fluorescence signals of the brain were 

recorded and compared at different time points (0-60 min) with the mice anesthetized and 

intravenously injected with probe 4 (4 mg/kg, 20% DMSO, 80% propylene glycol, 50 μL). As 

shown in Figure 5, the fluorescence intensity from the brains of Tg mice were significantly 

higher than that from the age matched WT mice at the same post-injection time point of 5-60 

min, suggesting that probe 4 could efficiently penetrate the BBB and detect Aβ plaques in 

vivo. 
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Figure 4. In vivo imaging study with probe 4. (A) Fluorescence images of the same Tg (top row) and 

WT (bottom row) mouse head at selected time points before or after i.v. injection. (B) The relative 

fluorescence signal [F(t)/F(pre)] in the brain regions of Tg and WT mice after iv injection. 

 

 To further confirm the binding of probe 4 to Aβ fibrils in vivo, ex vivo histology was 

performed in Tg mice and wild-type control mice. After iv injection of 4, Aβ plaques were 

clearly observed in the brain slices from Tg mice (Figure 5A), which is further verified by 

staining the same section with ThT, a standard staining used for Aβ plaques (Figure 5B). As 

expected, no plaques were found on the brain slices from the WT mouse (Figure 5B and 5E). 

These results were well consistent with that observed with fluorescence staining of probe 4 on 

brain slices in the cortex region (Figure S5B) and hippocampus region (Figure S5H) from a 

double Tg mouse and WT mice, indicating that probe 4 can label β-amyloid plaque in the 

brain slice. 
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Figure 5. Ex vivo histology staining of brain slices from a Tg mouse (A) and wild-type control mouse 

(D) after injection of probe 4. The Aβ plaques were further confirmed by staining the same sections 

with ThT (B, E). Graphical representation of overlap for fluorescence labeling by probe 4 and ThT (C, 

F) 

 

3.6. Inhibitory effect of probes toward Aβ aggregation 

 To investigate their therapeutic potentials, we first carried out an in vitro Aβ1−42 

aggregation assay as previously reported.
30

 Curcumin, a natural product was demonstrated to 

inhibit the formation of amyloid fibrils as well as their precursor oligomers and to reduce 

amyloid deposition in vivo.
35

 In this assay, it was used as a control and shown to inhibit 

Aβ1−42 aggregation with IC50 value of 16.4 μM. It is worth noting that our probes 4 and 5 

exhibited higher inhibitory activities with an IC50 value of 0.4 M and 0.8 M respectively, in 

compared with Curcumin.  

 Next, probe 4 was used to investigate its inhibition of intracellular self-aggregation of 

Aβ1-42 in SH-SY5Y cells by using fluorescence microscopy. In accordance with the in vitro 

Aβ aggregate inhibition results, probe 4 displayed a similar inhibitory activity, which could be 

visualized under the fluorescence microscope shown in Figure 6.  
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Figure 6. Inhibition of intracellular self-aggregation of Aβ1-42 in SH-SY5Y cell line. Cells grown in 

the presence of Aβ monomer and probe 4 (0, 0.1 and 0.5 µM) for 2 days. For control experiment, 

probe 4 was added after 2 days without treatment, then imaged using fluorescence microscopy (A, 

magnification: 5X). Fluorescent were quantified and reported to the number of cells (B). Error bars, 

s.e.m from three independent experiments and four random fields. 

 

3.7. Effect of probes against Aβ1-42-induced human neuroblastoma cell toxicity  

 To confirm the protective effect of our probes on Aβ1–42-induced toxicity, we 

measured the viability of SHSY5Y cells by MTT assay. As shown in Figure 7, Aβ1-42 

treatment significantly increased cytotoxicity compared with the control. As expected, 

different concentrations of probes 4, 5 or curcumin were applied to with monomeric Aβ1-42 at 

a concentration of 5 μM in SHSY5Y cell line resulted in the increase of cell viability in a 
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dose-dependent manner. Moreover, in comparison with curcumin, our probes showed a 

stronger protective effect on the toxicity of SHSY5Y cells induced by Aβ1-42.  

 

Figure 7. The protective effect of probes 4 and 5 or curcumin against the toxicity induced by Aβ1-42. 

 

3.8. Docking studies  

 Molecular docking is a strong research tool in studying protein-ligand interactions, due 

to its ability to predict the binding-conformation of small molecule ligands to the appropriate 

target binding site with respect to that experimentally observed. Such methods have been also 

used in exploring the binding modes and interactions of fluorescent probes with Aβ.
36

 In this 

study, the binding nature of our probes to the fibrils was investigated by docking simulation. 

As shown in Figure S8, probes 4 and 5 could bind to the grooves on the KLVFFA fibril 

surface, un identical binding site to Congo Red, used for staining in amyloidosis.
37

 Our probes 

occupied a binding site formed by the nonpolar residues Val18 and Phe20, which was 

dominated by hydrophobic interactions. Hydrogen bonds which played an important role in 

the dock conformations of the probes were also observed between probes and Lys16 that 

formed an another site with Val18 at the surface of the fibril. In addition, the experimental Kd 

values correlated well with the calculated binding energies of compound 4a1 (-8.76 Kcal/mol), 

4 (-8.63 Kcal/mol) and 5 (-8.05 Kcal/mol) with Aβ fibrils. Compound 4a1 had a higher 

affinity (7.5 ± 0.4 nM)
30

 than those of 4 (Kd = 28.2 nM) and 5 (Kd = 59.8 nM). This was 

probably due to larger steric hindrance of probes 4 and 5, which resulted in a weaker 

hydrophobic interaction with Val18 and Phe20. 
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 4. Conclusion 

In this report, a systematic evaluation of novel phenothiazine-based theranostic agents 

was performed including fluorescent spectroscopic properties, in vitro evaluations, A 

aggregate inhibition, protective effects on the toxicity of SHSY5Y cells induced by Aβ1–42 

and in vivo NIR imaging. These smart probes had high sensitivity and good fluorescent 

property changes upon binding to Aβ aggregates, possessed a good stability in mice plasma, 

BBB permeability and low cytotoxicity in SH-SY5Y cells as well as displayed a high binding 

affinity toward Aβ species. Remarkably, probe 4 performed excellent in vivo imaging of β-

amyloid plaques, prevent self-aggregation of Aβ monomer from forming toxic oligmers and 

show a significantly beneficial effect on the toxicity of human neuroblastoma cells induced by 

Aβ1–42. Furthermore, molecular docking provided insight into the mode of binding of our 

probes with the Aβ fibrils. In summary, our findings make this type of probes a robust and 

promising theranostic agents for basic research and potential clinic applications in AD. 
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